The geometric distortion of the push-broom digital aerial imagery can be rectified according to the data of the inertial measurement unit (IMU). The low precision of IMU data will cause the undulant wavelike twist deformations of the push-broom digital aerial images after geometric rectification, directly influencing the authenticity and liability of images and their practical applications. At present, the image deformation diagnosis mainly depends on the subjective judgment of human being, which costs much time and manpower. In the paper, an automatic deformation inspection method based on statistical characteristics for digital aerial imagery is proposed to inspect the distortion caused by the low IMU data accuracy. For the undulant wavelike deformation image has the characteristic of pixel displacement in the regularly same direction, there will be a lot of wave curves in the same direction appeared in the image after geometric correction. Therefore, in the method, the positions of the wave curves in the image will be located by the extreme points of curvature of the contour lines, and then the wavelike deformations can be judged automatically through the distribution statistics of the open directions of the wave curves. The specific implement method can be described as follows: firstly, the edges of the image are detected with Canny edge detector and the vector contour lines are obtained by tracing the edges to get contour lines and fitting them with the cubic spline curve method. Then, the extreme points of curvature of the contour lines are calculated, and some of these points are determined to be the vertexes of the wave curves by judging the positional relations between each extreme point and the points around it, thus constituting a vertex set. Afterwards, the perpendicular directions of the tangent of the vertexes are used as the directions of the wave curves, and then the direction histograms of all the wave curves in the image are obtained by statistical analysis. Finally, the existence of the deformation phenomenon in the image due to the low precision of IMU data is able to be judged based on whether the directions of the wave curves are centralized in a certain direction or not. Experimental results showed that the automatic deformation inspection method presented in this paper can detect the deformation of the digital aerial images effectively caused by low accuracy of IMU data with 95% accuracy.
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With the technological progress and widely practical application, the technology of POS(GPS/IMU)-based aerial photogrammetry is becoming more mature and is gradually applied to each field of aerial remote sensing. The geometric distortion of the imagery can be corrected through the use of POS data in this technology. The IMU data of poor accuracy is always processed by linear interpolation calculation to satisfy the requirement of geometric calibration. However, the interpolation error will result in the regional pixel displacement in the same direction of the imagery after geometric rectification. Such distortion phenomenon will severely influence the geometric accuracy of the digital aerial images and their normal use. In practical applications, it often requires to inspect the deformation of the aerial images without POS data. For the deformations caused by low precision of IMU data, the definition of the aerial imagery is usually computed to detect the existence of image deformation. Yet, the definition won't have a significant reduction only when the deformation phenomenon of the imagery is particularly strong. In other words, the common distortions are not sensitive enough to the definition of the aerial imagery. Simultaneously, the quality of the imagery itself will also affect the definition to some extent. Therefore, as a detection index, the definition is of less use to inspect the deformation because of the limited precision. It still lacks an effective method in the relevant literatures both at home and abroad in terms of the deformation inspection method for digital aerial imagery. 
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In the paper, the curve segments of the texture contours approximating a parabolic section in the imagery are defined as squiggles, and the opening directions of the squiggles act as their directions. In addition, the deformation phenomenon of the imagery described in this paper all refers to that resulting from the poor accuracy of IMU data. As illustrated above, the insufficient precision of IMU data will give rise to the pixel displacement in the regularly same direction in part of the aerial images, and noticeable wavelike deformations will arise in the edges of the images in the corresponding directions. Although there are also some texture contours approximating squiggles in normal images, the aerophotographs record the ground information and their texture contours are usually without regularity. As a result, the directions of the squiggles are uniformly distributed in all directions instead of gathering in certain direction. Therefore, it is available to inspect the deformation phenomenon through the statistics of directions of the squiggles and constructing a histogram, which is also the main idea of this paper. The core problem of constructing the histogram of directions is to find out squiggles from the complex digital aerial images. As for searching and matching a specified graphic or template, the common methods include hough transfom, template matching, invariant moments matching, etc. To find the squiggles, it is necessary to extract all the contours of images and judge each of them one by one. The contour extraction of image is composed of two steps: edge detection and contour tracing. Currently, the common edge detection methods consist of Roberts operator, Sobel operator, Prewitt operator, Laplacian operator and Canny operator. Among them, Canny operator is based on the ideas of optimization and has the advantages of resistance to noise and accurate positioning. Therefore, it is adopted to detect the edges in this paper because of high accuracy of edge detection. The steps of the Canny edge detection are described as follows: 1) Smooth the image with Gaussian filter of specific standard deviations σ, thus reducing noise caused by light intensity, sensor's temperature, sensor's quality, etc;
2) For each pixel of the image, compute the amplitude and direction of the gradients through the finite difference of first order partial derivatives; 3) Conduct non-maximum suppression processing to identify edges. Partition the gradients according to the directions and search the local maximum pixels. Then set the value of the nonmaximum pixel zero in order to sharpen the edges of the image. 4) Judge the pixels using threshold T1and T2, where T1<T2. The pixel with its value larger than T2 is called strong edge pixel, and that between T1and T2 is called weak edge pixel. 5) Set the weak edge pixels connected with the 8 neighborhoods of strong edge pixels as strong edge pixels, and then carry on binary processing based on whether the edge pixels are strong or not.
After acquiring the edges of the image, contour tracing process needs to be performed and the data of contour lines are saved in form of list to facilitate the location of squiggles. The concrete steps of the contour tracing are described as follows: 1) Sequentially search all the pixels of the image from left to right and bottom to top, find out the boundary pixel at the bottom left corner and make it the start point.
2) From the first boundary point, the initial search direction is defined as left top. If the pixel at the left top is black, it is the boundary point. Otherwise, the direction will be rotated 45 degrees clockwise until the first black pixel appears.
3) Set the first black pixel as the new boundary point, the current search direction is rotated 90 degrees counterclockwise. Apply the same method to search the next black pixel until returning the original boundary point or no pixels are available. 4) Save the traced contours into the list and label them tracked. 5) Repeat the first step until the image has non-labeled contours.
The extracted contours cannot be applied directly into the graphic computing. The solution to this problem is to use smooth and derivable spline functions to fit the contours of the image. The fitting process of spline function is able to eliminate the noise for the contours of the image and makes it easier for the judgment of the squiggles of image at the same time. Suppose the number of the pixels the current contour contains is n. The functional relationship between the parameter t (t=0, 1, 2, … , n-1) and the plane curve formed by the contours of the current image is obtained with cubic spline curve fitting method, which is c(t)=(x(t),y(t)), where x(t) is the function relationship between the x-axis of the plane curve and the parameter t, and y(t) is the function relationship between the y-axis of the plane curve and the parameter t.
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In this method, through searching the extreme point of curvature of each contour for the push-broom digital aerial imagery, the possible positions of squiggles are determined. After that, whether those points can constitute a squiggle or not will be figured out according to the location relationship between each extreme point of curvature and the surrounding points.
For the plane curve ( ) ( ( ), ( )) c t x t y t = given with parametric expressions, the calculation formula of the curvature K is shown in (1).
x t y t x t y t K x t y t into the list to be processed; 4) If k=m, output the unsuccessful iteration information m times. Take the k from the list to be processed to replace the current k, xk and bk taken from the list are defined as the processing regions (ak,bk); otherwise continue. The parameter t corresponding to each extreme point of curvature in the contours of image is figured out via the adjusted bisection method. However, the extreme points of curvature in the contours are not necessarily the vertexes of the squiggles, so it is essential to judge those extreme points one by one. The waves formed from the squiggles of the digital aerial images possess certain amplitude and wavelength, which is comparatively obvious in the image. The judgment whether the extreme point and its surrounding points develop noticeable waves or not should on the basis of the characteristics of the squiggles. The method used in the paper is explained as follows: Suppose the number of the pixels in the contours which the extreme points of curvature located in is n, and the parameter corresponding to the current judging extreme point is t0, and the pre-set judging range of the surrounding points is (t0-l,t0+l), where 1 is threshold for the surrounding points. 1) If t0-l<0 or t0+l>n-1, which indicates the extreme points are in the two ends, the number of the surrounding points is not enough to make up a squiggle and the judgment result is false; otherwise proceed to next step; 2) According to the function expression of fitting curve of the image contours, compute x-axis and y-axis of P0, P0-l, P0+l in the contours corresponding to t0, t0-l, t0+l; 3) Compute the Euclidean distance between P0-l and P0+l. If the value is smaller than threshold T1, the judgment result is false; otherwise proceed to next step; 4) Compute the distance from P0 to the segment P0-lP0+l. If the value is smaller than threshold T2, the judgment result is false; otherwise record P0 as the vertex of the squiggle; Determine all the extreme points of curvature in the contours of the image according to the above steps and record all the vertexes of the squiggles. The waves formed from the squiggles and their surrounding points of digital aerial images are not standard parabola. Consequently, the symmetrical directions of the waves cannot act as the opening directions of the waves the same way as parabola. But, the normal directions of the vertexes of the squiggles can well represent the directions of the squiggles; therefore, the normal direction of each vertex is determined as the direction of each squiggle. According to the parametric equation of the squiggles of the image, compute the rad of the normal directions of the vertexes of the squiggles.
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Turn the data rad in radian system into θ in degrees system, whose range is [-180,180] Since the tangent values of the complementary angles are the same, the results of arc tangent are directly used as the data to be statistical analyzed regardless of the unit conversion of the angle data calculated by the formula (3). Count the number of squiggles in each direction interval, and then compute the judgment value Rmax through dividing the maximum number with most squiggles by the total number. At last, whether there exists deformation or not is determined by comparing Rmax with the threshold Tjud. The pre-set Tjud, with the data range (0.25, 1), directly influences the judging results. The smaller the threshold Tjud is, the easier the deformation is to be judged.
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In the paper, 40 push-broom digital aerial images with the size 11000×8000 are selected as the experimental subjects, ten of which have deformation. Apply the deformation inspection method for digital aerial imagery based on statistical characteristics to these images, with the threshold T1=6, T2=6, Tjud=0.35. The results are as follows: among the 30 images without deformation, 28 of them are inspected with no distortions and the left 2 images have distortions; among the 10 images with deformation, all of them are inspected with distortions. The average time of calculation of each image is 45s, and the accuracy rate of the inspection method is 95%. The main reason for the two images with error results is that there exist distinct squiggles in the same directions in the geomorphic features of both images.
CONCLUSIO CONCLUSIO CONCLUSIO CONCLUSION N N NS S S S
The deformation inspection method for digital aerial imagery based on statistical characteristics proposed in the paper achieved high accuracy and a relative high speed in the inspection of distortions caused by low accuracy of IMU data.
However, the texture contours of the images will directly affect the statistical results of the corresponding directions of the squiggles. So the discrimination between the squiggles used for deformation detection and the contours belonging to the image content will be one of the focuses in future studies. In addition, the different precise extent of IMU data will lead to some changes in the size of the squiggles of the images. As a result, the self-adaptation of thresholds based on actual images requires further researches in the order to realize automatic inspection.
